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Introduction
Adequate humoral immunity in the newborn and several neonatal diseases depend on the transmission of appreciable quantities of antibodies of IgG class from the mother (Brambell, 1970; Wild, 1973 Wild, , 1974 Scott, 1976) . It is evident that this process, in man, takes place before birth (Grubb & Laurell, 1956 ; LinnetJepson, Galatius-Jensen & Hauge, 1958 ; Gitlin, Kumate, Urrusti & Morales, 1964; Solomon, 1971) . The organs across which the transmission of passive immunity from mother to young occurs vary in different species and include the foetal and neonatal gut, the yolk sac splanchnopleure and the placenta (Waldmann & Strober, 1969; Brambell, 1970; Wild, 1973 Wild, , 1974 . In the prenatal period in man, selective transport of IgG appears to take place across Appreciable postnatal transport of IgG across the neonatal gut probably does not occur in man; when radio-iodinated gammaglobulin was fed orally to newborn human infants, only very small amounts of protein-bound radioactivity became detectable in serum (Du Pan, Scheidegger, Wenger, Koechli & ROW, 1959) .
In all the mammalian species in which the process has been studied, the transmission of passive immunity from mother to young appears to involve the transcellular transport of IgG molecules (Waldmann & Slrober, 1969; Brambell, 1970; Wild, 1973 Wild, , 1974 . In man, the cell mediating this process is probably the syncytial trophoblast. Kohler & Farr (1966) have shown that in many instances the concentration of IgG is appreciably higher in human cord serum than in maternal serum at birth. This observation suggests that transmission of maternal IgG to the foetus may, at least in late pregnancy, be taking place across a concentration gradient and may consequently involve an active transport process. An attractive hypothesis for the mechanism of this selective process has been proposed by Brambell (Brambell, Halliday & Morris, 1958; Brambell, 1966 Brambell, , 1970 . According to this hypothesis selectively transported plasma protein molecules are protected from catabolism by the binding of these molecules to specific receptors on cell membranes, possibly on the walls of pinocytotic vacuoles. Evidence supporting this hypothesis has been provided by the demonstration that, in the neonatal rat, there is selective binding of IgG to the microvillus membrane of the enterocyte (Jones & Waldmann, 1972; Waldmann & Jones, 1973) , the cell across which postnatal selective transcellular transport of IgG is presumed to occur in this species.
It is of particular interest that there are certain striking similarities between the morphology of the enterocyte of the neonatal rat and the syncytial trophoblast of the human placenta. Both cells have a microvillus membrane on their free surface, and both contain numerous pinocytotic vacuoles (Brambell, 1970) . These similarities raise the possibility that the mechanism of transcellular transport of IgG across both of these cells may also be similar. Hence it seems possible that the transplacental transport process may involve selective and specific binding of IgG molecules to placental cell membranes. The studies reported here were designed to examine this possibility by obtaining data on the relative degree to which different plasma proteins bind to placental membranes in zifro.
Materials and methods

Materials
Human IgG was isolated from fresh human serum by QAE Sephadex column chromatography (Joustra & Lundgren, 1969) . Human IgM, IgA, IgE and the four subclasses of IgG were isolated from the sera of patients with appropriate types of myeloma or, for IgM, macroglobulinaemia, by Geon/Pevikon block electrophoresis, DEAE-cellulose chromatography and Sephadex G-200 gel filtration (Barth, Wochner, Waldmann & Fahey, 1964; Strober, Wochner, Barlow, McFarlin & Waldmann, 1968; Morell, Terry & Waldmann, 1970) . IgG-Fc piece and IgG-Fab piece were prepared by papain digestion of human IgG (Franklin, 1960) . The method used yields two separate fractions with Fab activity. These have been designated by Franklin (1960) peaks A and C. Human IgG light and heavy chains were obtained from Worthington Biochemical (Freehold, New Jersey, U.S.A.). Human F(ab)2 was obtained by pepsin digestion of IgG (Stanworth & Turner, 1973) .
Human insulin was obtained from Novo Laboratories (Denmark). Human albumin and transferrin were obtained from Behringwerke (Marburg/Lahn, West Germany).
All of the proteins used in these studies, except Fc and Fab, gave single precipitation arcs when subjected to immunoelectrophoresis and Ouchterlony double immunodiffusion against whole human antiserum and the appropriate monospecific antiserum. The antisera were obtained from commercial sources (Behringwerke; Burroughs Wellcome; Nordic Diagnostics, Tilburg, Holland). Fc material gave a strong line of precipitation with Fc antiserum but, in addition, a weak line of precipitation with Fab antiserum. The converse was true for Fab material.
'"1 and lz5I were obtained in the form of concentrated solutions of the sodium salt of iodine, carrier-free, from The Radiochemical 
Isolation of cell membranes
Placental membranes. Previous data obtained in the neonatal rat (Waldmann & Jones, 1973) and preliminary experiments in which mixtures containing placental membranes and radioiodinated IgG had been incubated and passed through 0.45 pm Millipore filters had suggested that binding of IgG to membranes was likely to be minimal at pH 7.8-8.0 whereas it may be appreciable at pH 6.5. Thus during the isolation procedure membranes were washed repeatedly with a buffer of pH 7.8, so as to facilitate the removal of any maternal IgG which may have been bound to the membranes. Furthermore, when determining the degree of binding of proteins to membranes, suspensions of membranes containing labelled proteins were incubated at pH 6.5 unless specifically stated to the contrary.
Placental membranes were isolated from segments of fresh full-term human placenta. Each placenta was dissected free of chorioallantoic membrane, washed in icecold saline and then chopped into small fragments with scissors in ice-cold EDTA buffer (5 mmolll, pH 7.8). The fragments were broken up in an MSE tissue grinder at maximum speed for three periods, each lasting 10 s. This was followed by the application of two strokes of a power-driven Teflonlglass tissue grinder. As far as possible, samples were kept on ice during these procedures. The homogenate was centrifuged at 600 g for 30 min to produce a clear supernatant, free from nuclei and large tissue fragments. This supernatant was centrifuged at los g for 30 min to produce a membrane-rich pellet. Pellets were washed repeatedly with EDTA buffer (5 mmolll, pH 7.8). The washed membrane-rich pellets were resuspended in EDTA buffer (5 mmolll, pH 6.5). The protein content of a membrane suspension was determined by the method of Lowry et al. (1951) after heating an aliquot of the suspension in sodium hydroxide (1 molll) in a boiling-water bath for 30 min, bovine albumin (Sigma) being used as standard (Cuatrecasas, 1971) . The concentration of the membrane suspension was then adjusted to approximately 2.5 mg of proteinlml.
Erythrocyte membranes. Human erythrocyte cell membranes were prepared by the method of Marchesi, Stears, Tillack & Marchesi (1974) and were subsequently purified and processed by procedures analogous to those used for placental membrane preparations.
Placental membrane preparations
Purity. When examined by electron microscopy ( x 10 OOO) washed pellets appeared to consist entirely of membranes (Fig. 1) . The collagen content of membrane preparations was determined as hydroxyproline by the method of Prockop & Udenfriend (1960) . The mean hydroxyproline content of crude homogenates of placenta was 3.92 pmollg wet weight, whereas that of placental membrane preparations was <0.02 pmollg wet weight.
Incubations with radio-iodinated macromolecules. A portion (1 ml) of a suspension of placental membranes was mixed with 0-1 ml of a solution containing a radio-iodinated protein or polyvinylpyrrolidone or a mixture of a lzsIlabelled protein or polyvinylpyrrolidone with a l 3 'I-labelled protein. When both isotopes were present in the same mixture, radioactivity due to each was approximately equal. The amount of each labelled protein or polyvinylpyrrolidone added to a suspension was approximately 1 mg. Mixtures were incubated for 30 min at 37°C. After incubation mixtures were subjected to sucrosegradient ultracentrifugation analysis or Sepharose 2B column chromatography to determine whether the label(s) had become associated with material of higher molecular weight than
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that of the labelled macromolecule(s) in the starting material.
Other methodr
Sucrose gradients. Portions (0.3 ml) of mixtures were applied to the top of linear 1 0 4 5 % sucrose gradients made up in cellulose nitrate tubes. The gradients were subjected to centrifugation at 18 OOO g for 18 h in an SW 50.1 rotor in a Beckman L2-65B ultracentifuge.
After centrifugation the bottom of each tube was punctured and successive portions of sucrose solution, each consisting of 5 drops, were collected together with 3 ml of saline in separate tubes for radioactivity counting.
Sepharose 28 column chromatography. Sepharose 2B was packed in columns measuring 2.2 cm x 35 cm. Mixtures were eluted from the columns with a gravity-flow system and an EDTA buffer (5 mmol/l, pH 6.5). The flow rate was approximately 25 ml/h. Both the absorbance at 280 nm and the radioactivity in each 5 ml fraction of the eluate were determined.
Counting of radioactivity. Aliquots of experimental samples containing lZsI and/or 1311 together with appropriate standards were counted in the well of a two-channel Autogamma counter. An appropriate correction was made for the appearance of some radioactivity counts due to 1311 in the lZ5I channel.
Quantification of protein-membrane binding. In the membrane-containing fraction of the eluate from Sepharose 2B columns (peak 1, see below) which contained the most radioactivity, the degree of binding of a macromolecule to membrane (pmol of macromolecule/pg) was calculated from the expression 
Results
Sucrose gradients
Some of the label of radio-iodinated IgG in the presence of placental membranes migrated more rapidly in sucrose gradients than that of radio-iodinated IgG in the absence of membranes. The more rapidly migrating IgG label is consistent with the association of some labelled IgG with material of higher molecular weight than IgG itself. Relatively less IgG label appeared in the high-molecular-weight region of gradients when incubations were carried out at pH 8.0 rather than 6.5 (Fig. 2) or when they were carried out at 20°C rather than 37°C. In general clear resolution of the IgG label associated with high-molecular-weight material was not achieved with sucrose gradients. 
-
I d -
Column chromatography
ZgG. The label of IgG in suspensions of placental membranes was resolved by Sepharose 2B column chromatography into two clearly defined peaks of radioactivity (peaks 1 and 2, Fig. 3a ). These two peaks of radioactivity corresponded to the only two peaks of absorbance in the eluate. Peak 1 eluted in the void volume of the column, implying that material in this peak had molecular weights exceeding 2 x lo6. This peak corresponded to the only peak of absorbance found when suspensions of placental membranes alone were passed down the columns. Thus it is apparent that this peak contains most of the placental membrane fragments together with an appreciable proportion of the label of IgG in the original incubation mixture.
More than 99% of the label in this peak was precipitated by trichloroacetic acid (100 g/l), indicating that it was protein-bound. Peak 2cor-responded to the peak of absorbance given by JgG alone and the radioactivity peak given by (u) . Peak 1, which corresponds to the peak of absorbance given by placental membranes alone, is associated with an appreciable proportion of the label of IgG. Peak 2 corresponds to the peak of absorbance given by IgG alone and the peak of radioactivity given by labelled IgG alone. (b) The effect of adding excess of unlabelled IgG to labelled IgG before incubating with placental membranes. A peak 1 of radioactivity can no longer be clearly defined. 0 , Absorbance; 0, radioactivity.
labelled IgG alone. More than 99% of the IgG label in this peak also was precipitable by 10% trichloroacetic acid, indicating that it was protein-bound and not in the form of free inorganic radio-iodine. When material in peak 1 was dialysed against EDTA buffer (5 mmol/l, pH 7.8) and was then subjected to Sephadex G-200 gel filtration, the eluate was found to contain a distinct peak of radioactivity, which had eluted in the position where IgG alone elutes. This peak comprised at least 30% of the total radioactivity in the eluate and was precipitable by a specific IgG antiserum (Burroughs Wellcome). Thus at least an appreciable proportion of the label of IgG in peak 1 was associated with immunochemically identifiable IgG.
When unlabelled IgG (20 mg in 0.5 ml of EDTA buffer, 5 mmol/l, pH 6.5) was added to labelled IgG before incubation with placental membranes a clearly definable peak 1 of radioactivity was abolished (Fig. 3b) . This phenomenon did not occur when excess of unlabelled albumin was added in place of the unlabelled IgG.
Other plasmaproteins. When labelled albumin was studied in the system a much smaller pro-"r portion of the label of this protein than of IgG eluted in peak 1. This was so even though there was appreciable label in the system as indicated by the size of peak 2. Thus in contrast to labelled IgG there appears to be no appreciable association of the label of albumin with high-molecularweight material in suspensions of placental membranes. The distribution of the label of the biologically inert macromolecule polyvinylpyrrolidone was similar to that of albumin. The relative amount of label of labelled IgM, IgA, IgE and transferrin appearing in peak 1 was small in relation to that of IgG, whereas the relative amount of the label of labelled insulin appearing in peak 1 was of similar magnitude to that of IgG. In all of these experiments more than 99% of the label of labelled proteins appearing in peak 2 was precipitable by trichloroacetic acid (100 g/i).
IgG subclasses. Appreciable proportions of the label of radio-iodinated IgGl, IgG2, IgG3 and IgG4 were found in peak 1. These proportions were similar to the proportion of the label of radio-iodinated IgG which appeared in peak 1.
Fragments of the ZgG molecule. In one experi- ment Fc piece labelled with lZ5I and Fab piece labelled with 1 3 1 1 were incubated together with placental membranes. Relatively much more of the label of Fc piece was associated with peak 1 than was the label of Fab piece, which was found predominantly in peak 2, where more than 99% of it was precipitable by trichloroacetic acid (100 g/l) (Fig. 4) .
Quantitative data on protein-membrane binding
So that more definitive comparisons of the relative binding of labelled proteins or polyvinylpyrrolidone could be made, the degree of binding was expressed as pmol of protein or polyvinylpyrrolidone bound per pg of membrane protein in the fraction containing the most radioactivity in peak 1. The values obtained are summarized in Tables 1, 2 From the data in Table 1 it is apparent that the degree of binding of IgG in this system is markedly greater than that of IgM, transferrin, albumin, IgE and IgA, although it is appreciably less than that of insulin. Although the degree of binding of the IgG subclasses differed from that of IgG, the differences were small in relation to the differences between IgG and other proteins such as albumin. The observed differences in binding between IgG and individual subclasses of IgG may be attributable in part to the fact that the subclasses were derived from myeloma rather than normal sera. In general those pro- teins which yielded high quantitative values for membrane binding were also those associated with particularly large amounts of radioactivity in peak 1. When excess of unlabelled IgG was added to the system there was a slight increase in the absolute quantity of IgG bound per pg of membrane protein. The relative binding affinities of IgG and fragments of the IgG molecule were, in decreasing order of magnitude: light chains, IgG, Fc, heavy chains and F(ab'), (Table 2) . Data on Fab were not satisfactory. Whereas Fab material derived from peak A gave a mean binding value of 0.12 pmol/pg that derived from peak C gave a much higher value.
Binding of IgG to erythrocyte membranes was less than the binding of IgG to placental membranes (P < 0.01). In contrast the binding of albumin to erythrocyte membranes was greater than the binding of albumin to placental membranes (Table 3) .
To evaluate the effect of pH on the binding of IgG, suspensions of placental membranes were washed with and suspended in EDTA buffers (5 mmol/l) of various pH values between 6.0 and 9.0. After incubation with labelled IgG each suspension was passed down a Sepharose 2B column which had been equilibrated with the same buffer used for the incubation. The results of these studies are shown in Fig. 5 . Binding was appreciable at pH values of 6.0 and 6.5 but decreased with increasing pH and was low at pH values of 8.0 and 9.0.
Discussion
It should he noted that the degree of binding of labelled IgG, and possibly other proteins, to placental cell membranes, which has been demonstrated in these studies, may underestimate the magnitude of such binding in vivo, particularly if removal of plasma proteins during the isolation of membranes was incomplete.
Conversely it is also possible that the binding of a protein by placental cell membranes in oitro may be relatively greater than the binding of the same protein to the placenta in vivo, if the procedures used to isolate membranes result in the exposure of additional sites to which the protein can bind.
Gitlin & Gitlin (1974) measured the percentage of the label of several radio-iodinated plasma proteins which became associated with a membrane-rich fraction of human placenta obtained by differential centrifugation. Relative binding affinities, in decreasing order of magnitude, were human light chains, human insulin, human IgG, guinea-pig IgG, bovine IgG. human IgE, human growth hormone and human albumin. In addition these authors demonstrated that the binding of labelled IgG to human placental membranes was inhibited by the presence of unlabelled IgG. The data presented here, which were obtained by a different experimental approach from that used by Gitlin & Gitlin (1974) , confirm some of the observations made by these authors. In particular they confirm the appreciably greater binding of labelled IgG, light chains and insulin than labelled albumin and IgE and the inhibition of binding of labelled IgG by unlabelled IgG. The results of the present studies have extended the work of Gitlin & Gitlin (1974) by providing data on the relative binding affinities to human placental membrane preparations of other plasma proteins, including IgG subclasses and fragments. The data obtained in these studies with both placental and erythrocyte membranes, although not excluding some specific binding of proteins to erythrocyte membranes, suggest that in the experimental system used there is some non-specific binding of proteins to membranes and in addition specific binding of IgG to placental membranes. The marked binding of IgG to placental membranes compared with a number of other plasma proteins and polyvinylpyrrolidone and the inhibition of the binding of labelled IgG to placental membranes by unlabelled IgG but not by albumin are consistent with the existence of a limited number of receptors on placental membranes, which not only show specificity for IgG but can be saturated. A correlation has been found between the relative binding of human light chains, human IgG and human albumin to human placental membrane fractions in vitro and the relative degree to which these proteins appear to be transferred across the human placenta (Gitlin et al., 1964; Gitlin & Gitlin, 1974) . The relationship was regarded as being consistent with the concept that the selective transmission of certain proteins across the placenta depends on the degree to which these proteins bind to placental membranes and are protected from catabolism. The relationship was, however, derived from data in which no specific allowance was made for the rates of catabolism of different proteins in the foetus.
It is clear that there is appreciable binding to placental membranes of certain non-immunoglobulin proteins which do not appear to undergo selective transplacental transport. For instance, appreciable binding of human growth hormone to human placental membrane fractions has been demonstrated (Gitlin & Gitlin, 1974; Marshall, Underwood, Voina, Foushee & van Wyk, 1974) , whereas there is minimal transport of this hormone across the human placenta (Gitlin, Kumate & Morales, 1965a) . For insulin, although appreciable binding of this protein has been demonstrated in this study and the studies of Gitlin & Gitlin (1974 ), Marshall et al. (1974 ), Posner (1974 and Haour & Bertrand (1974) , the available evidence on the transplacental transport of this protein (Gitlin, Kumate & Morales, 1965b; Mintz, Chez & Horger, 1969) does not permit the conclusion that a selective transport process exists for the transmission of insulin from mother to foetus analogous to that for IgG. Receptors for growth hormone and insulin have been found on surface membranes of cells of several different human tissues and appear to be necessary for the action of these hormones on cellular metabolism (Kahn, 1975). Thus there appear to be receptors for proteins on placental cell membranes which not only have different specificities, but also are responsible for mediating different functions. Appreciable binding of IgG to membrane fractions of human placenta obtained at 7-8 weeks of gestation has been demonstrated (Gitlin & Gitlin, 1974) although transplacental transport of IgG at this stage of human gestation is minimal (Gitlin & Biassucci, 1969) . It follows that binding of IgG to placental membranes does not necessarily imply that this protein will be selectively transported across the placenta to the foetal circulation. Transcellular transport may depend on mechanisms other than the binding of the protein to a membrane receptor per se. However, binding of IgG may nevertheless be a necessary prerequisite for its transplacental transport (Brambell, 1970) .
The transmission of IgG across the placenta is one of the non-antigen-combining functions of IgG. In general these functions are mediated by the Fc region of the molecule (Waldmann & Strober, 1969) . Definitive data on the relative transmission of IgG-Fc and IgG-Fab across the human placenta are not yet available. In the studies of Gitlin et al. (1964) , in which different radio-iodinated proteins were injected intravenously into women in late pregnancy and protein-bound radioactivity in maternal and foetal serum was subsequently measured at birth, the Fc piece appeared to be more rapidly transported than IgG itself, but Fab piece also appeared to be rapidly transported. However, the data on the transmission of the Fab piece were difficult to interpret. Some of the Fab preparations appeared to be transported as rapidly as the Fc piece whereas there was little or no transport of the remainder. These observations could be explained by the presence of Fc contamination of Fab preparations. In addition, different rates of catabolism of these two fragments in the foetus, which were not measured in these studies, could affect the interpretation of the data. In the present study also data obtained for Fab material are difficult to interpret. This could be due to some preparations of this fragment being contaminated by more Fc piece than was suggested by the tests of purity of the material. Alternatively it is possible that the process of isolation of IgG-Fab may have revealed binding sites on light chains which are not exposed in the intact IgG molecule. Data which are consistent with membrane binding of IgG being mediated by the Fc region of the molecule are the relatively greater amount of the label of Fc than Fab in the membrane-containing fractions of the eluate from a Sepharose 2B column (Fig. 4) and the relatively greater degree of binding of Fc than F(ab')2. The results of this study are also consistent with the existence of receptors for light chains on placental membranes. Such receptors may be specific for this protein and entirely unrelated to receptors for the whole IgG molecule. The physiological significance of the binding of light chains to placental membranes and the transplacental transport of this protein is unknown. Mellbye, Natvig & Kvarstein (1970) , using genetic markers to measure IgGl, IgG2 and IgG3 levels, detected no appreciable differences between the relative concentrations of these three subclasses in human cord blood and maternal serum at birth. However, Wang, Faulk, Stuckey & Fudenberg (1970) , using starch gel electrophoresis, and Hay, Hull & Torrigiani (1 971) using radial immunodiffusion were able to detect only relatively small amounts of IgG2 in foetal serum at birth, whereas the relative concentrations of the other three subclasses in foetal serum at this time corresponded fairly closely to those in maternal serum. These data raised the possibility that IgG2 is not selectively transported. Alternative explanations would include more rapid catabolism of IgG2 than other IgG subclasses after transport and, in the immunodiffusion experiments, an inadequate IgG2 antibody. Subsequent data obtained with radial immunodiffusion have not confirmed the findings of Wang et al. (1970) and Hay et al. (1971) . The concentration of IgG2 was found to be very high in the serum of a foetus whose mother had an IgG2 myeloma. In addition the relative concentrations of all four subclasses of IgG in eight paired maternal and foetal sera obtained at birth were similar (Virella, Nunes & Tamagnini, 1972) . These data, although not corrected for the relative rates of catabolism of each subclass in the foetus, and the evidence for appreciable membrane binding of each subclass in the present study are consistent with the selective transplacental transport of all of the four subclasses of human IgG. Apart from transplacental transport only one other nonantigen-combining function of IgG in man, the concentration-catabolism effect (Waldmann & Strober, 1969; Morel1 et al., 1970) , appears to be mediated by all four subclasses. Other nonantigen-combining functions such as monocyte binding, complement fixation and passive cutaneous sensitization are not mediated by all four subclasses (Huber & Fudenberg, 1968; Ishizaka, Ishizaka, Salmon & Fudenberg, 1967; Terry, 1965; Muller-Eberhard, 1968 ). These observations imply that although similar submolecular regions of the IgG molecule may be responsible for mediating transplacental transport and the concentration-catabolism effect, different submolecular regions of the molecule are involved in the mediation of the other nonantigen-combining functions.
The results of the experiments reported here are consistent with Brambell's hypothesis (Brambell et al., 1958; Brambell, 1966 Brambell, , 1970 . The data suggest that there are IgG-specific receptors on placental cell membranes. Such receptors may be located on the microvillus membrane of the syncytial trophoblast and binding of maternal IgG to such receptors may be necessary for selective transplacental transport of this protein in vacuoles which undergo transcellular movement. During this process protection of the IgG molecule from degradation may be afforded by its binding to membranes per se or by its incorporation into vacuoles into which proteolytic enzymes are not liberated (Wild, 1973 (Wild, , 1974 .
